Here, we show that Lichinodium (Lichinaceae, Lichinomycetes, Ascomycota) constitutes a formerly unrecognized lineage within the Leotiomycetes, thus being the first lichenized lineage recognized in the superclass Sordariomyceta (Leotiomycetes, Laboulbeniomycetes and Sordariomycetes). To infer the position of Lichinodium, we constructed two multilocus phylogenies based on six and five gene regions (nuLSU rDNA, nuSSU rDNA, mtSSU rDNA, RPB1, RPB2 and MCM7) including main Pezizomycotina groups in the first analysis and focusing secondly on a comprehensive selection of Sordariomyceta. The results show that Lichinodium is sister to Leotiaceae. We discuss the morphological and ecological similarities between Lichinodium and other Leotiomycetes, and describe the new order Lichinodiales and family Lichinodiaceae. The sister relationship between Sordariomycetes and Laboulbeniomycetes is here supported as it is the relationship between this clade and the Leotiomycetes. The results also support the polyphyly of Helotiales, the recognition of the Leotiales in a strict sense or the inclusion of the Triblidiales in Leotiomycetes. The photobionts of Lichinodium were sequenced for two genetic markers (rbcLX and 16S rDNA) and identified as Rhizonema, a recently described genus of filamentous cyanobacteria belonging to Nostocaceae. TEM studies revealed that the mycobiont-cyanobiont interface in Lichinodium does not produce haustoria, thus differing from a typical Lichinomycete (e.g. Ephebe).
Introduction
Lichenization, the symbiotic process in which fungi utilize green algal or cyanobacterial photobionts for the provision of carbohydrates, is a very common and successful lifestyle among Ascomycota, where currently more than 19,000 lichenized species (27% of the known Ascomycota) are accepted . Lichenized fungi are typically characterized by a specialized three-dimensional structure-the lichen thallus-within which the fungus houses the photobionts. However, the variation in the type and range of symbiosis between fungi, algae and cyanobacteria make the definition of the concept ''lichen'' difficult (Hawksworth 1988; Grube and Hawksworth 2007) . That is particularly true in filamentous lichens, which in contrast to the main lichen groups do not develop stratified thalli. Instead the shape of the association is determined by the algal filaments, which are either surrounded by a thin layer of fungal hyphae (e.g. Calotrichopsis, Cystocoleus, Lichinodium, Racodium, Thermutis) or contain the fungal hyphae inside (e.g. Ephebe, Spilonema, Zahlbrucknerella) (Henssen 1963 (Henssen , 1977 Ozenda and Clauzade 1970 Sordariomycetes and Xylonomycetes) are exclusively composed of non-lichenized members (Lumbsch and Huhndorf 2010; Jaklitsch et al. 2016 ). There are very few filamentous lichens, but they appear in several classes of Ascomycota, and represent fungi associated with a number of different photobionts. They can be found in the Lecanoromycetes (e.g. Polychidium and Spilonema with cyanobacteria in Peltigerales and Coenogonium with Trentepohlia in Ostropales), in Dothideomycetes (Cystocoleus and Racodium with Trentepohlia in Capnodiales), in Eurotiomycetes (Pyrenothrix in Chaetothyriales with Scytonema) and in the Lichinomycetes (e.g. Ephebe with Stigonema, Thermutis and Zahlbrucknerella with Scytonema (Henssen 1963; Herrera-Campos et al. 2005; Muggia et al. 2008; Hawksworth et al. 2011) . Although two more filamentous species associated with Trentepohlia have been described, their phylogenetic and taxonomic position is not clear (i.e. Physolinum monile, Davis et al. 1989 and Racoleus, the latter suggested as ''? Capnodiales (incertae sedis)'' in Hawksworth et al. 2011) .
Within the Pezizomycotina, the Lichinomycetes is sister to the Coniocybomycetes ) and together they constitute a lineage distantly related to the main lineage including most lichenized groups. Lichinomycetes diversified around 175 Mya and comprises ca. 350 species distributed worldwide, being probably one of the least understood lichen-forming fungal groups. They have cyanobacteria as photobionts (Schultz et al. 2001) , which allow these fungi to benefit from nitrogen fixation (Crittenden et al. 2007 ). The diversity of growth forms, ascoma types and development, anatomy, and cyanobionts is substantial within the group. However, the natural relationships and character evolution within this group are still very poorly understood. As part of an ongoing phylogenetic work on Lichinomycetes we discovered that the genus Lichinodium did not belong there as current classifications suggest (Jaklitsch et al. 2016; Lücking et al. 2016) based on the anatomical studies of Henssen (1963) . Lichinodium comprises four filamentous lichen species (Henssen 1974) , which form tiny cushions of branched filaments ( Fig. 1 ) composed of threads of cyanobionts surrounded by hyphal cells forming a collar (Fig. 2) . They develop gelatinous brownish apothecia with indistinct proper and thalline margin (Figs. 1, 3) , and asexual conidiomata which are known at least for two of the species (Fig. 3) . Species of Lichinodium grow on conifer twigs, tree trunks or rocks, sometimes overgrowing other lichens or mosses. In general, the species exhibit a pronounced preference for cool, humid environments.
The photobionts of Lichinodium consist of filaments that are often split and twisted, and enclosed by a relatively thick hyphal collar (Fig. 2; Henssen 1974) . These photobionts have been identified as the filamentous, cyanobacterial genus Scytonema (Henssen 1963; Schultz and Büdel 2002 ) based on morphology alone. However, photobionts may show a different morphology in the lichenized state, in free-living samples or in cultured strains (Schultz and Büdel 2002) . Moreover, it has been recently demonstrated (Lücking et al. 2009 ) that the photobionts of several tropical cyanolichens, supposed to represent Scytonema, belong instead to a novel, previously unrecognized lineage. All this indicates the need for a molecular identification approach of the Lichinodium photobionts.
The aim of this study is to investigate the phylogenetic relationships of Lichinodium within the Pezizomycotina, to compare Lichinodium morphologically and anatomically with its closest phylogenetic relatives, and to study the identity of the cyanobiont partners.
Materials and methods

Taxon sampling
Six specimens of Lichinodium belonging to two of the four species of the genus were used for the analyses (Electronic Supplementary Material). Two analyses were performed. The first investigated the overall relationships of Lichinodium, based on a matrix including a wide representation of main groups of Pezizomycotina and including six genes (nuLSU rDNA, nuSSU rDNA, mtSSU rDNA, RPB1, RPB2 and MCM7; Electronic Supplementary Material). For the second analysis and based on the first analysis, a matrix including a larger sampling of the groups closely related to Lichinodium was compiled. The latter includes a larger sampling of Leotiomycetes, Laboulbeniomycetes and Sordariomycetes, and it is based on five gene regions (nuLSU, nuSSU, mtSSU, RPB1 and RPB2; Electronic Supplementary Material) . A third analysis included the cyanobiont sequences and their closest relatives.
Molecular techniques
DNA was extracted using DNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. We amplified nuLSU region with LR0R (Rehner and Samuels 1994), LR3R, LR5 and LR7 (Vilgalys and Hester 1990) primers in different combinations. The nuSSU was amplified using NS1 (White et al. 1990 ), NS21, nuSSU-1203 0 (NS23 reverse) and NSU24 (Gargas and Taylor 1992) . The mtSSU region was amplified with mtSSU1 and mtSSU3R (Zoller et al. 1999) . We used the primers MCM7-709for and MCM7-1348rev (Schmitt et al. 2009 ) for amplification of the MCM7 region and in some cases we carried out a nested PCR using 1 ll of the PCR product and the internal primers MCM7-CalicF and MCM7-CalicR . The protein coding RPB1 was amplified using the primers RPB1Af and RPB1Cr (Stiller and Hall 1997) and the RPB2 with RPB2-5F and RPB2-7cR (Liu et al. 1999) . Photobionts were also sequenced using CYA 106F and 781Ra-b primers for the 16S rRNA region (Nübel et al. 1997 ) and with CX-CY (Rudi et al. 1998) for the rbcLX region.
PCR amplifications were performed using Illustra TM Hot Start Mix RTG PCR beads (GE Healthcare, UK) in a 25 ll volume, containing 3 ll of genomic DNA, 1 ll at 10 lM of each primer and distilled water. Amplifications were performed using the following program: initial denaturation at 95°C for 15 min, followed by 35-40 cycles of 95°C for 45 s, 54-56°C for 50 s, 72°C for 1 min, followed by a final extension at 72°C for 5 min. PCR products were subsequently purified using the enzymatic method Exo-sap-IT (USB Corporation, Santa Clara, CA, USA). The purified PCR products were sequenced at Macrogen Europe service (www.macrogen.com), using the same amplification primers. Sequences were assembled and edited using Sequencher v. 4.10.1. (Genes Codes Corporation, Ann Arbor) and deposited in GenBank (Electronic Supplementary Material). Fig. 1 a, 
Phylogenetic analyses
Initial Blast searches were conducted in GenBank (https:// blast.ncbi.nlm.nih.gov/Blast.cgi) with the Lichinodium sequences in order to select the taxon sampling for the phylogenetic analyses. For the first analysis (Pezizomycotina tree) we included six genes but in the second matrix we excluded MCM7 due to missing data (ca. 90% of missing data). Sequences were aligned manually using MacClade 4.01 (Maddison and Maddison 2001 ) and translated to amino acids for protein coding loci. Ambiguous regions (sensu Lutzoni et al. 2000) and introns were delimited manually and excluded from the phylogenetic analyses. Additionally, we used MAFFT v. 6 (Katoh and Toh 2008) to carry out the alignments automatically using the default settings. The alignments were trimmed to exclude ambiguously aligned regions using Gblocks 0.91b (Castresana 2000) and following the relaxed conditions described by Talavera and Castresana (2007) . Since the Maximum Likelihood results were very similar between MAFFT-Gblocks and manually constructed matrices we used the latter for the rest of analyses. Each individual gene region was analyzed using maximum likelihood-based inference (ML) as implemented in RAxML ver. 8.1.11 (Stamatakis 2014 ) with a GTRGAMMA model for tree inference. Bootstrapping was performed with a GTRCAT model and 1000 replicates. In order to check for gene-tree incongruence, we compared Maximum Likelihood bootstrap values (ML-BS) between the individual gene trees. Clades were considered in conflict when a supported clade (bootstrap support [ 70%) for one marker was contradicted with significant support by another. Because no supported nodes were in conflict, the data were combined into a single concatenated data matrix. To select models and partitions, the concatenated matrices were subjected to a greedy algorithm (Lanfear et al. 2012) using the AICc in PartitionFinder v. 2.1.1 (Guindon et al. 2010; Lanfear et al. 2017) .
The first combined Maximum Likelihood (ML) analysis was run with ten distinct partitions (nuLSU, nuSSU, mtSSU, 1st position of RPB1 and RPB2, 2nd position RPB1 and RPB2, 3rd position of RPB1, 3rd position of RPB2, 1st position of MCM7, 2nd position of MCM7 and 3rd position of MCM7), using a GTRGAMMA model of molecular evolution and rate heterogeneity with unlinked parameters and 1000 bootstrap replicates. For the second analysis we used the same parameters with eight distinct partitions (nuLSU, nuSSU, mtSSU, 1st position of RPB1, 1st position of RPB2, 2nd position of RPB1, 2nd position of RPB2, 3rd position of RPB1 and RPB2). The GTR model (Rodríguez et al. 1990 ) with an estimated proportion of invariable sites and with a gamma distribution was selected for all partitions in both analyses except for the 3rd position of the RPB1 in the first analysis which corresponded to a SYM model (Zharkikh 1994) with an estimated proportion of invariable sites and with a gamma distribution and for the 2nd position of the RPB2 in the second analysis, which corresponded to a GTR model with a gamma distribution.
Bayesian inference was carried out for the two matrices through Markov Chain Monte Carlo (MCMC) sampling, as implemented in MrBayes 3.2.6 (Ronquist et al. 2011) . The analyses consisted of two parallel searches, each with four chains, run for 10 M generations, and initiated with a random starting tree. The chains were sampled every 100 generations from the posterior distribution. A burn-in sample of 25,000 trees was discarded for each run. The remaining 150,000 trees (pooled from both independent runs) were used to assemble a majority rule consensus tree and to estimate branch lengths and posterior probabilities (PPs). To determine if the chains had converged, verify if mixing was appropriate, and choose a suitable burn-in, we plotted the log-likelihood values against the time generation with Tracer v.1.5.0 (Rambaut and Drummond 2007) . We assumed stationarity of the chains when log-likelihood values reached the same stable equilibrium value for each independent run (Huelsenbeck and Ronquist 2001) and when average standard deviation of split frequencies across runs dropped below 0.01. We also tested the convergence with the AWTY program (Wilgenbusch et al. 2004; Nylander et al. 2008) . Maximum likelihood, Bayesian analyses and the selection of models were run on the CIPRES Science Gateway v. 3.3 (Miller et al. 2010) .
Cyanobiont sequences were subjected to Blast in GenBank (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the closest matches were downloaded in order to construct a phylogenetic tree. This phylogenetic tree was constructed using the 16S and rbcLX regions combined and analyzed with maximum likelihood in RAxML with three partitions (16S, first and second position of the rbcLX and third position of the rbcLX) checking partitions, comparing congruence between gene regions and using the same settings as in the previous analyses.
Light microscopy and transmission electron microscopy (TEM)
In order to compare Lichinodium with the externally similar filamentous cyanolichen Ephebe lanata (L.) Vain. (Lichinaceae, Lichinomycetes), freezing microtome sections of 14-16 lm thick, stained with lactophenol cotton blue and fixed in glycerine were produced. The anatomy of the vegetative thallus, reproductive structures and especially the symbionts' interface were studied employing an Olympus BX51 compound microscope set to differential interference contrast (DIC) and equipped with an Olympus XC50 camera to obtain digital images. Sample preparation for transmission electron microscopy (TEM) was performed according to Büdel and Riehl (1987) . Lichen thallus fragments of 1-3 mm were soaked in water overnight before they were fixed with 1% glutaraldehyde in cacodylate buffer (50 mM, pH 7.0) for 5 h at 4°C and postfixed with 1% osmium tetroxide for 1 h at 4°C. The samples were dehydrated through a series of graded acetone concentrations, 30-100%, and finally embedded in plastic according to Spurr (1964) . Ultrathin sections were obtained with an ultramicrotome (Ultracut E, Leica-Reichert-Jung, Nußloch, Germany) and stained with uranyl acetate followed by lead citrate (Reynolds 1963) . Sections were viewed with a LEO 906 E TEM (LEO, Oberkochen, Germany)-operated at 100 kV-equipped with a MultiScan CCD Camera (Model 794) of Gatan (Munich, Germany) and using Digital Micrograph software version 2.0.2. from Gatan to acquire, visualize, analyze, and process image data.
Results
A total of 25 mycobiont and 10 cyanobiont sequences were generated for this study (Electronic Supplementary Material, . The combined data set of the first matrix consisted of 69 taxa and 4898 unambiguously aligned sites, 1297 for the nuSSU, 963 for the nuLSU, 610 for the mtSSU, 518 for the RPB1, 946 for the RPB2 and 564 for the MCM7. The second matrix consisted of 91 taxa with 5085 unambiguously aligned sites, 1133 for the nuSSU, 1196 for the nuLSU, 588 for the mtSSU, 516 for the RPB1 and 1652 for the RPB2. The photobiont matrix consisted of 39 taxa with 867 unambiguously aligned sites, 575 for the 16S region, and 292 for the rbcLX.
Mycobionts
The best maximum likelihood trees with bootstrap support and posterior probabilities from the two analyses (Bayesian and ML) are depicted in Figs. 4 and 5 respectively. In the Pezizomycotina tree (Fig. 4 ) all major taxonomic groups are supported; Lichinodium is the sister group to the sampled representatives of Leotiomycetes, and together they form a supported clade which is sister to Sordariomycetes and Laboulbeniomycetes. Trizodia acrobia, previously placed as the sister to the Leotiomycetes (Stenroos et al. 2010) , is related to Coniocybomycetes, Lichinomycetes and Candelariomycetes in our analyses (only supported by Bayesian analysis). Xylonomycetes is supported as related with Leotiomycetes, Sordariomycetes, Laboulbeniomycetes, Arthoniomycetes and Dothideomycetes. Lecanoromycetes is sister to Eurotiomycetes, and Lichinomycetes is sister to Coniocybomycetes, both related with Candelariomycetes and Trizodia.
In the second analysis, with a considerably larger taxon sampling of Sordariomyceta (Fig. 5) , Laboulbeniomycetes, Sordariomycetes and Leotiomycetes are monophyletic and form a monophyletic clade (Sordariomyceta sensu Schoch et al. 2009a) . Lichinodium is nested within Leotiomycetes and is sister to a clade comprising Leotia lubrica and Microglossum rufum (Leotiales). It can be noted that Helotiales were non-monophyletic, as were also the families Dermataceae, Helotiaceae, Myxotrichaceae, Pseuderotiaceae and Rutstroemiaceae. Rhexocercosporidium sp. is related to Cadophora sp. (Ploettnerulaceae). Some members of Pseudeurotiaceae and Myxotrichaceae (i.e. Pseudeurotium, Pseudogymnoascus and Leuconeurospora) form a clade with Thelebolales. Sclerotiniaceae is monophyletic (although only a few members were included) and is related to Rutstroemiaceae and Cenangiaceae. The order Triblidiales forms a clade with some members of the order Rhytismatales.
Cyanobionts
Sequences of the cyanobionts in L. ahlneri and L. sirosiphoideum were obtained for both 16S and rbcLX genes. The 16S sequences of the samples SL84, SL91, SL92 (L. sirosiphoideum) had an identification match and cover of 100% with the cyanobacterial sequence of Rhizonema sp. ''cyanobiont of Lichinodium sp.'' found in the study of Cornejo and Scheidegger (2016) in Newfoundland (Canada); and the sequences of the samples SL150 (L. sirosiphoideum) and SL152 (L. ahlneri) had an identification match of 99% and 100% cover with Rhizonema sp. ''cyanobiont of Coccocarpia sp.'' (KF359680) from Kenya from Kaasalainen et al. (2015) , and Rhizonema sp. of Coccocarpia palmicola (EU818950) from Costa Rica described as Rhizonema by Lücking et al. (2009) . The rbclX sequences of samples SL84, SL90, SL91 and SL150 (L. sirosiphoideum) had an identification match of 100% with a 97% cover with Rhizonema sp. ''cyanobiont of Erioderma pedicellatum'' found in the study of Cornejo and Scheidegger (2016) in Newfoundland (Canada). Sequence SL152 (L. ahlneri) had a 99% identity and 99% cover with Nostoc sp. of Stereocaulon fronduliferum (DQ266030) found in the study of Stenroos et al. (2006) from New Zealand. The best tree from the Maximum Likelihood analysis is depicted in Fig. 6 . The sequences of the Lichinodium cyanobionts formed a well-supported clade with members of the Rhizonema clade described and later validated by Lücking et al. (2009 Lücking et al. ( , 2014 .
Light microscopy and transmission electron microscopy (TEM)
The general constitution of the lichen thallus as described by Henssen (1963 Henssen ( , 1974 for Lichinodium and Ephebe based on light microscopy is confirmed. However, the very short and rather vague description of the Lichinodium haustoria provided by Henssen (1963) as ''unverdickt'' (i.e. not thickened) cannot be confirmed. Despite intensive search, the nature of the symbiont contact could not be elucidated by light microscopy. However, our TEM observations in L. ahlneri and L. sirosiphoideum were congruent and revealed that true haustoria are in fact absent. The twisted threads of the Rhizonema cyanobionts are surrounded by an outer hyphal collar composed of 1-3 rows of somewhat elongated mycobiont cells and an inner network of small-celled hyphae (Fig. 7a, b) . The latter hyphae produce short to elongated and tapering projections that are 150-200 nm thick at their tips. Many vesicles are Sordariomycetes released into the gelatinous matrix where these tips touch the contact zone of the cells of the Rhizonema thread indicating enzymatic activity. This results in a loose connection of neighbouring cells that were previously tightly adhering together (Fig. 7a, b) . The cells separate and the resulting space gives way to the mycobiont projections to penetrate even further between the cyanobiont cells. Thereby, an extensive interface for the symbiotic partners is established allowing metabolite and signal transfer. This contact of the symbiont partners has been observed in all studied samples of Lichinodium. In contrast, typical robust finger-like haustoria causing conspicuous indentions of the cyanobiont cell wall have been observed in Ephebe lanata in transmission electron microscopy ( Fig. 7c, d ).
Discussion
The inclusion of Lichinodium in Leotiomycetes is very unexpected, as so far, no lichen-forming fungi were known in this major group of Ascomycota . Several lichenized groups have formerly been included in Helotiales within the Leotiomycetes (i.e. Baeomycetaceae and Icmadophilaceae [Rambold et al. 1993] ) but this was rectified when molecular phylogenies revolutionized fungal systematics (Stenroos et al. 2002) and showed both families to belong to Lecanoromycetes. The Leotiomycetes is a diverse class of Pezizomycotina where the evolutionary history is not resolved and the classification within the class is thus still unsettled (Wang et al. 2006a, b; Zhang and Wang 2015) . Morphologically the Leotiomycetes is a highly diverse group, which primarily produces small apothecioid ascomata with an exposed hymenium and inoperculate unitunicate asci with an apical perforation pore for releasing the spores (Wang et al. 2006b ). An apical ring may be present or not. The apothecioid small ascomata in Lichinodium are similar to those present in other Leotiomycetes, but differ from the rest of Lichinomycetes in being essentially immarginate, and without a well-formed lecanorine, zeorine or biatorine margin as usual in Lichinomycetes (Fig. 1) . The previous classification of Lichinodium in the Lichinomycetes was supported by the presence of prototunicate asci, the dominant type of ascus in that class (Henssen 1994 (Henssen , 1995 Schultz and Büdel 2002) . The asci in Lichinodium lack an apical apparatus and amyloid structures (Fig. 3) , and they passively release the ascospores by the disintegration or rupture of the upper ascus wall. Whereas similar ascus types have been reported for at least some families within Leotiomycetes, the majority of families within this class possess asci with an apical ring structure and euamyloid or hemiamyloid wall opening by an apical split (Jaklitsch et al. 2016) .
Although the ascus morphology and dehiscence is diverse in lichens and it has been consequently used in classification (Hafellner 1984) , such traits do not always characterize natural and monophyletic groups (e.g. Schmitt et al. 2005; Wedin et al. 2005; Lumbsch et al. 2007; . Prototunicate asci, which characterized the order Caliciales (see the historical overview in Tibell 1984) , are present in many distantly related groups of Ascomycota, and have clearly been acquired multiple times from ancestors with an apical dehiscence apparatus and active spore dispersal (Tibell 1984; Wedin and Tibell 1997; Schoch et al. 2009a; ). Here we also show that prototunicate asci have been acquired independently in another lichen lineage within the Leotiomycetes, probably through the loss of apical structures.
Lichinodium is not only the first confirmed lichenforming genus within the Leotiomycetes representing another independent origin of lichenization but it also constitutes an example of the parallel evolution of filamentous lichens. Filamentous lichens are extremely rare among the Ascomycota and have evolved independently within several classes associating with different photobionts (i.e. cyanobacteria in Lichinomycetes, Eurotiomycetes and Leotiomycetes, green algae in Dothideomycetes and both groups of photobionts in Lecanoromycetes). Despite a general resemblance in the thread-like external thallus shape in filamentous lichens, that is largely determined by the photobiont partner, light microscopy and TEM studies revealed distinct differences in the symbionts' interface. Lichinodium lacks true haustoria typically observed in members of the Lichinaceae (Lichinomycetes) with unicellular cyanobionts (Büdel and Riehl 1987) . Our investigations also confirm the presence of such haustoria in the thread-like cyanolichen Ephebe lanata in the Lichinomycetes, which possesses the filamentous Stigonema as cyanobiont. In Lichinodium, however, haustoria are absent and instead, thallus hyphae appear between the cyanobiont cells without penetrations of the photobiont cell wall. Haustoria have also been described in members of the Lichinomycetes as in Lempholemma spp. (Schiman-Czeika 1987) , in Euopsis granatina (Sommerf.) Nyl. (Büdel and Henssen 1987) 
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In other lichens, the majority of mycobionts do not penetrate the cell wall of their photobiont (Honegger 1986a (Honegger , b, 1991 (Honegger , 2009 ) and many different types of mycobiont-photobiont physical relationships occur (including simple wall-to-wall appositions, finger-like or slightly branched intracellular haustoria, and different types of intraparietal haustoria; see Honegger 1991 Honegger , 2009 Honegger , 2012 . Different patterns have been found depending on the growth form and the photobionts. For example, in cyanobacterial lichens (mainly with Nostoc) intragelatinous fungal protrusions within the gelatinous sheaths of cyanobacterial colonies (Honegger 2012) have been reported and intracellular haustoria have been claimed to occur exclusively in relatively primitive non-stratified crustose lichens (Honegger 1991) . However, it is not clear if the different types of physical mycobiont-photobiont contacts are conserved in the evolution of Fungi (Honegger 1991 (Honegger , 2012 and more studies should be carried out.
Ecologically, the Leotiomycetes is very diverse, including various lifestyles such as plant pathogens, endophytes, ectomycorrhizal and ericoid mycorrhiza formers, aquatic or terrestrial saprobes, and nematode trappers (Wang et al. 2006b ). Considering the ecological radiation of the Leotiomycetes and the shifts between strategies, the switch into lichenization supports the idea that lifestyle and ecological factors are critical in shaping the evolutionary history of the helotialean fungi/Leotiomycetes (Wang et al. 2006a ) and driving the high morphological diversity observed, which is reflected in the phylogeny (e.g. polytomies and long branches). Although a comprehensive sampling of the Leotiomycetes has been here analyzed with 5 gene regions (including protein coding genes), this sampling is still very far from complete. Despite this, the results show a high level of polyphyly where the morphology-based taxonomy hardly matches the phylogenetic results and needs to be further studied genetically and rearranged taxonomically. Thus, Helotiales is not a natural group as it has been previously demonstrated (Wang et al. 2006a, b; Zhang and Wang 2015) . The families Dermataceae, Helotiaceae, Myxotrichaceae, Pseudeurotiaceae, and Rutstroemiaceae are also not monophyletic, which is here suggested for the first time for the three last families (Wang et al. 2006b ). Phialocephala and Marssonia should be excluded from Dermataceae. Possible relationships are with Loramycetaceae or Ploettnerulaceae respectively, but this needs further study. Several members of Pseudeurotiaceae and Pseudogymnoascus (Myxotrichaceae) are related to Thelebolales, suggesting that this relationship should be studied further and more species included in future analyses. Our results support the suggestion of Wang et al. (2006b ) that a new order should be created for the clade comprising Sclerotiniaceae, Rutstroemiaceae and Cenangiaceae (previously Hemiphacidiaceae). Several taxa not earlier placed phylogenetically are included here. Thus, Amorphotheca and Oidiodendron (both without order) are sisters and the order Triblidiales is here confirmed as belonging to Leotiomycetes as it was previously suggested based on morphology (Jaklitsch et al. 2016) .
Lichinodium is sister to Leotiaceae. The latter comprises terrestrial species with stipitate, clavate to globose ascomata that establish symbiotic associations with vascular plants (Kühdorf et al. 2015) . Lichinodium however includes chiefly corticolous and saxicolous lichen species that may also grow on other lichens and mosses. Leotiaceae also include species with a symbiotic lifestyle, which suggests that the common ancestor of Leotiaceae and Lichinodium could be symbiotic. Gelatinized apothecia are another character shared between Leotiaceae and Lichinodium, but this trait is present in other Leotiomycetes lineages too. Our results support the recognition of the Leotiales and Leotiaceae in a strict sense including Leotia, Microglossum and Thuemenidium. However the inclusion of Geoglossomycetes in this group suggested by Jaklitsch et al. (2016) is not supported (Fig. 4 ; Schoch et al. 2009a, b) . Stenroos et al. (2010) suggested that Trizodia, a fungus forming a tripartite association with Sphagnum and cyanobacteria, was related to the Leotiomycetes. The position of this ''borderline'' lichen in the Ascomycota tree was shown to be sister to Leotiomycetes, although without support (Stenroos et al. 2010 ). In our analysis, Trizodia does not belong to Leotiomycetes and is not even closely related to it, but is instead closely related to the Candelariomycetes, an early diverging lichen group with an unsettled position within Ascomycota (Schoch et al. 2009a; Miadlikowska et al. 2014; Voglmayr et al. 2019 ). This placement is not fully supported phylogenetically and not sustained by morphological and anatomical characters; thus, it should be confirmed within a more comprehensive phylogenetic framework. Another borderline lichen in the Leotiomycetes was attributed to the genus Cudoniella, i.e. C. brasiliensis Rizz. (Toledo Rizzini 1952). Cudoniella brasiliensis was described as associated with Pleurococcus vulgaris, but lacking a true thallus. Toledo Rizzini stated that C. brasiliensis was closely related to Baeomyces, but differing in the ''fleshy nature of the apothecia''. In our view, the presence of an algal associate and the description by Rizzini strongly suggest that C. brasiliensis is closer to Baeomyces than to Cudoniella. Regrettably, ascal characters were not described in detail by Toledo Rizzini, and an ultimate placement of C. brasiliensis cannot be provided yet.
Cyanobionts
The sequences of Lichinodium cyanobionts correspond to Rhizonema, which are more closely related to the Nostocaceae and Stigonemataceae than to the Scytonemataceae. The genus Rhizonema was described for species of cyanobacteria occurring in tropical basidiomycetous and ascomycetous lichen genera (Lücking et al. 2009 and was later found in an epiphytic liverwort-lichen community in Canada (Cornejo and Scheidegger 2016) . Our samples form a clade with the cyanobionts found in epiphytic Lichinodium specimens from boreal forests in Canada, and with the cyanobionts of Parmeliella parvula and Stereocaulon fronduliferum from the same habitats. All these samples were proposed to belong to a cyanobacteriamediated guild (Cornejo and Scheidegger 2016) in which several species act as reservoir of Rhizonema photobionts (i.e., Frullania asagrayana, Coccocarpia palmicola and Parmeliella parvula) since the Rhizonema species has not been found free-living. Our results add several new habitats for Rhizonema and also increase its distributional area, since it is here reported for the first time in Europe (Norway and Sweden). These results partially support the study of Cornejo and Scheidegger (2016) in which clades were not related with sampling sites but with lichen species. The inclusion of our saxicolous and sexually reproducing specimens may provide further insights into these cyanobacterial guilds and should be studied from an ecological point of view.
Taxonomy
As shown here and in earlier studies, the unresolved phylogeny of the Leotiomycetes results in a classification that is not yet well settled, and in a number of non-monophyletic groups currently accepted as orders and families (Wang et al. 2006a, b; Zhang and Wang 2015; Jaklitsch et al. 2016) . Lichinodium possesses unique characters distinguishing it from the Leotiales and Leotiaceae (Leotia, Microglossum and Thuemenidium) with which it is related. Members of the Leotiaceae have stipitate-capitate ascomata and inoperculate asci with an often apical amyloid ring and typically septate spores. Some, probably most, Leotiales are mycorrhiza-forming (Kühdorf et al. 2015) . On the contrary, Lichinodium produces sessile, disc-shaped ascomata, prototunicate asci with simple spores, and is lichenized. Lichinodium cannot be accommodated in any of the described higher taxa within this class due to the unique morphological and ecological characters. The inclusion of Lichinodium into Leotiomycetes thus requires the description of a new family and order, which we do below. Lichen-forming ascomycetes associated with Rhizonema cyanobionts and with preference for cool, wet or moist habitats, especially conifer twigs. Thallus fruticulose, blackish, forming tiny rosettes or tufts of minute, cylindrical to irregular branches. Branch shape largely determined by the shape of the threads of the cyanobiont. Cyanobiont threads single or up to five in a dense hyphal collar. Hyphae becoming reticulate when growing inside the gelatinous sheath of the cyanobiont and eventually surrounding the individual cyanobiont cells like a network. Distinct haustoria absent, hyphae forming numerous projections that penetrate into the space between neighbouring cyanobiont cells but do not invaginate or penetrate the cyanobiont cell walls. Ascomata and conidiomata developing from entangled hyphae formed between thallus branches and connected to branches by few, undifferentiated hyphae.
Type: Lichinodium Nyl.
Conclusions
This study has revealed a new lichenized lineage in the fungal tree of life, in a major fungal group previously thought to only comprise non-lichenized species (Sordariomyceta). This contributes to the unravelling of the evolutionary history of the Leotiomycetes helping to understand the ascomycete evolution as a whole and supporting the idea that lichenization has played a key role in the diversification of extant ascomycetes.
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